INTRODUCTION
Inhomogeneities such as agglomerates, particle size distribution and spat i a 1 dens ity v ari at ions ina powder compact can 1 ead to differential sintering rates which, in turn, produce stresses'! These stresses give rise to creep. Thus a compact containing inhomogeneities will experience creep and densification simultaneously during sintering. To understand such sintering behaviour, it is required, first, to understand both processes and second, to examine how they affect one another when they occur simultaneously. In an earlier pub1 ication,2 two of the present authors showed how the second step could be accomplished with a loading dilatometer which applies a measured, small uniaxa1 stress during densification. This paper seeks to extend the study in both experimental and theoret i ca 1 areas. CdO powder compacts were s i ntered under low uniaxial stresses between 0 and 0.25 MPa at l123K. The results were compared with the predictions of existing models and then used to explore the functional dependence of the effective stress in creep and the sintering stress in densification on density and grain size.
A key question in simultaneous creep and densification is the influence of the changing density on the creep rate, i.e., the 4 influence of pores. This has traditionally been treated by the use of • a stress concentration term, cj>, usually referred to as the stress intensity factor which is the ratio of the cross-sectional area of the specimen, A, over its actual, internal load-bearing area, Ae; i.e cj>= The work of Gregg and Rhines also showed that L;S inversely proportional to the starting grain size. Beere's mode1 4 ,S predicts that L is inversely proportional to grain si.ze but its relation to density is very complicated. However, for very large dihedral angles (180 degrees), L would be relatively constant between relative densities of 0.5 to 0.9.
EXPERIMENTAl PROCEDURE
CdO powder* compacts (6mm by 6mm) of two different green densities were used in the present work. Compacts ha v i ng a green dens ity of P 0 = 0.58±0.01 of the theoretical density were made by uniaxially compaction the powder at 20 MPa in a tungsten carbide die followed by isostatic pressing at 68 MPa. Compacts having a lower green density Po = 0.39± 0.01 were made by uniaxially pressing the powder at 12MPa. These two green densities were used in order to cover a wide range of sintered density. The compacts were sintered in flowing air (50 cm 3 /min) for two hours in a loading dilatometer. The instrument and its associated control and monitoring equipment are described in detail elsewhere. 2 ,10 Sintering was performed at 1123K and under low uniaxial stresses between 0 and 0.25 MPa. The sintering procedure was the same as that described recently.2 The mass and dimensions of the compacts were measured before and after sintering and the final density measured us i ng Archimedes' Pri nc i p 1 e. 5 I n a s epa rat e set 0 f ex per i men t s sin t e r i n g was term ina ted aft e r times between a and 2 hours and the dimensions of these compacts measured using a micrometer. Fracture surfaces and pol ished surfaces of these compacts were examined using scanning electron microscopy and the micrographs obtained were used to determine average grain sizes and the equilibrium dihedral angle. Each curve is the average of two runs under the same conditions. The curves were reproducib1 e to within ±2%. Weight losses after sintering for 2 hours were -0.7% and -1% for the higher and lower green density compacts, respectively, and the app1 ied loads could be maintained to ±5%. It is seen that at any time, tlL/Lo and the effect of load on tlL/Lo are both enh anc ed for th e lower green density compact.
RESULTS

Fig
The application of load causes anisotropic shrinkage of the compact. This is shown in fig. 2 where the axial shrinkage, tlL/Lo' is plotted versus the radial shrinkage, tiD/Do' between t -10 and t = 120 6 . .
..
minutes.
(00 = initial sample diameter, flO = 0-0 0 , where 0 = instantaneous sample diameter). flL/Lo is approximately proportional to flO/~o for both the lower and the higher green density compacts. For any green density, the slopes of the 1 ines increase with increasing load, and for any load, the degree of anisotropi c shri nkage is hi gher for the lower green density compact.
A methodology described by Raj,11 and figures 1 and 2 were used to separate the creep strain,e:, from the strain due to densification.
Fi g. 3 shows the resu 1 ts for e: versus log t. Between t -10 and t-120 minutes, e: varies approximately linearly with log t. The slopes of the curves increase with increasing load and at any time, the lower green density compact creeps faster than the higher green density compact. In addition the creep rate of the lower density compact increases linearly with applied stress, as found earlier 1 for the higher green density compact. Fig. 4 shows the results for the relative density, P versus log t.
P increases approximately 1 inearly with log t for both curves and applied load has no effect on p. It is also seen that the two curves are almost parallel and this suggests that the densification rate at time t is almost independent of the initial compact density, po. The final densities calculated from the sintering curves are in good agreement with the values determined by using Archimedes' Principle. occurred. There is also a certain amount of grain faceting at longer times, as seen from fig. 5 (B). Average grain sizes were determined from fracture surfaces between t = 10 and t = 120 min, and these fol low a cubic grain growth law of the form (G/G o )3 = 1 + t/4, where Go is the average grain size at the commencement of shrinkage (t = 0). The average grain sizes for the lower green density compacts appear to f 0 1 low the sam e 1 a w, sin ce at t = 2 a an d at t = 12 ami n., the a v era g e grain size of the lower green density compact was the same as that for the higher green density compact. Thus, grain growth rates were independent of porosity.
Equilibrium dihedral angles were measured from scanning electron mi crographs of a po 1 i shed surface of a hi gher green dens ity compact sintered to a relative density of -0.88. The mean value obtained was -120 degrees.
DISCUSSION
A key benefit of these experiments is the ability to observe the simultaneous effect of uniaxial creep and densification and to separate these. These effects are discussed separately in the fol lowing sections. It can be seen that ~ for the low green density compact at p= 0.7 is v er y much lower than th at for the hi g h green dens ity compact. An explanation for this is linked to the strong grain size dependence of ~ for diffusional creep behaviour and to the opportunity for grain growth in the low green dens ity compact as it s inters up to p = 0.7.
To compensate for grain growth, use may be made of an equation for the creep rate, of the general fonn
COQoP
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where Xo is the radius of a load-bearing grainboundary area between two grains, C is a constant defined by the geometry, 0 is the diffusivity, Q is the molecular volume, kS is the Boltzmann constant, T is the absol ute temperature, 0 is the effecti ve mean stress on the grain e boundari es, and m and p are exponents characteri s ti c of the mechani sm Ass e e n i n fig. 6 , a p lot of log G mE v e rs u s p 0 r (1 -P), w her e P is the porosity, yields a single straight line for values of p between 0.5 and 0.9. Thi s impl i es that within thi s range of P, Ij> depends on 1 y on the density (or porosity) and may indeed be expressed as <p = e.xp (aP) Eqn (5) where a is a constant detennined by the equilibrium dihedral angle The slope of log (G 3 E ) versus p gives a = 1.6
The exponenti a 1 The curvature and the surface tension of the pores detennine the rate at which matter is removed from a grainboundary for a particular geometry. The densification rate is then straightforwardly found from considering the stress distribution on the grainboundaries. 15
This leads, in 3-dimensions to a densification rate of the form:
where B is a geometrical constant and ~ is the driving force, or the sintering stress, and Xo is the neck radius, i.e, the square root of the load bearing area between two grains. It is customary to put Xo proportional to the grain size. This is not correct, instead one has:
1. 1.
Eqn (7) In analogy with the expression for creep, Eqn (1), one could then Fig. 7 shows the logarithm of the observed densification rate, log p , versus the density, P ,for the two green densities used. As found before for log ~, log p decreases steeply and nearly 1 i n ear 1 y with increasing Po The creep-sintering experiments led to the conclusionthat grain boundary diffusion is the dominant transport mechanism. At the low loads used the creep and densification should involve the same transport mechanism, so that the exponent m in Eqn. 1 and E~n. 8 should be indenticalo Using m=3 for the grainboundary diffusion, and the cubic growth law used to fit the results for the creep rate, a plot of ( G 3 P $-3 / 2) v e r sus den s it y , P , i sal s 0 a p lot 0 f SDm: = K I L V e r sus p. kST
The equations for the creep rate and the densification rate may be written as
Eqn (10) Eqn (11) I where K1 . and K2 are constants at a fi xed temperature. The actua 1 magnitude of the sintering stress,~ , can be calculated from the I I densification results since it is reasonable to assume that K1 ~ K2.
Using this assumption, ~ is plotted versus p in fig. 8 14 •
•
It is observed that the simple Zener relationship.is a resonable approximation of the rel ationship between pore radius, r, grain size, G, and porosity, P, for wide density range.
(v) Further Considerations:
It was shown recently2 that the application of lOw,. uniaxial loads, although not affecting the overall volumetric densification rate, causes a small microstructural bias in the powder compact. The observed effect of this bias is shown in figure 10 , where for example Curve B, sintered initially under 5N load, has a lower axial shrinkage rate than Curve C (sintered under no load) when the load is removed.
The more detailed study undertaken in this paper, allows a possible interpretation of this hysteresis effect. Use is made of a simplified model, fig. 11 , showing the grain boundaries in a porous compact subjected to an extern a 1, uni axi all oad. Boundaries may be under compression, under tension, or sliding.
The creep process is viewed, on the basis of the results of this paper, as a series process in which sl iding is accomodated by grain boundary diffusion. In the model, the diffusion path is likely to be along the grain boundary under compression to the neighbouring pore A, and from pore B along the grain boundary under tension, as indicated, 
Conclusions
The loading dilatometer has the great advantage of allowing the observation of simul taneous creep and sintering. When the data are considered together with volumetric density measurements, the contributions of creep and densification can be separated.
The creep measurements permit the determination of the stress intensity factor, ¢l, which is found to depend exponentially on the porosity over a wide density range.
The stress intensity factor, ¢l, enters into the expression for densification and permits the determination of the sintering stress,
The sintering stress, L, decreases with increasing density when grain growth occurs. Its absol ute value may be estimated if it is reasonably assumed that the kinetic constants for creep and sintering are the same.
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The Zener rel ationship describes the pore size, grain size, and porosity relationship adequately in a wide density range.
The results for CdO at 1123K, show that grainboundary diffusion is the dominant transort mechanism.
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